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DESIGN AND PERFORMANCE OF A 1400-FOOT-PER-SECOND-TIP-SPEED
SUPERSONIC COMPRESSOR ROTOR

By John F. Klapproth, John J. Jacklitch, Jr.,
and Edwsrd R. Tysl

SUMMARY

A supersonic compressor was designed for a tlp speed of 1400 feet
per second, & pressure ratio of 2.0, and a corrected weight flow of 30.5
pounde per second. The rotor was designed for equal distribution of
static-pressure diffusion across the rotor and the stator based on recov-
ery of the relative inlet dynamic head. Rotor-blade profiles and hub
contour were obtained from a channel-flow design approach. Meximum blade

1
thickness was 45 percent chord.

Over-gll performance results of the rotor alone at design speed gave
a pressure ratio of 2.17, an adiebatic efficiency of 89 percent, and a
welght flow of 28 pounds per second. Maximum efficiency of 94 percent
was observed gt 82 percent design speed with & pressure ratloc of 1.65.
Performence characteristlics were simllar to those of conventiongl subsonic
end trensonic rotors with s range in welght flow at good effleciency for

all speeds.

Inlet relative Mach numbers were supersonic across the entire blade
span for speeds of 90 percent design and sbove. There were no sppreciable
effects of Mach number on blade-element losses below 90 percent of design
speed. At 90 percent design speed end sbove, there was an increase in the
relative total-pressure losses at the tip. However, based on rotor diffu-~
slon factor, these losses for Mach numbers up to 1.35 are comparsable with
the losses in subsonic and transonic compressors &t equivalent values of
blade loading.

INTRODUCTION

The investigations of supersonic axiel-flow compressors (i.e., com-
pressors having supersonic veloclties relative to esny blade row, refs, 1
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and 2) have been confined largely to two different types. The shock~in-
rotor compressor with subsonic stators was considered as being capable

of pressure ratios up to sbout.3:1. The impulse type with supersonic
velocities throughout the high~turning rotor psssages to give supersonic
velocities entering the stator is theoretically capaeble of very high stage
pressure ratios of & and above (refs. 3 end 4).

Experimentel performance of the shock-ln-rotor type hes generglly
shown poor rotor performance with observed pressure ratios well below de-
sign and s severe redistribution of the flow toward the root (refs. 5 to
9). Performance has generally been so poor 88 to make stage tests of
little interest. -

The experimental results of the impulse-type rotors when tested alone
have shown that high energy input can be accomplished with a reasonsble
efficiency (refs. 10 to 12). The energy imparted, however, is almost en-
tirely in the form of kinetlc energy with stator-inlet Mach nuwbers
well sbove 1.0. Attempts Lo convert this Into pressure by deceleration
through Mach 1.0 in the stators have resulted in severe reductions in ef-
ficiency and pressure ratio (refs. 13 to 15).

The distribution in stablc-pressure rise across the rotor and the

stator for both types 1s considersbly different than that usually obtained

in subsonic compressors. (e g., for the. symmetrlcal velocity diagram where
the static-pressure rise is’ distributed equally across rotor and stator)
The shock-in-rotor compressors were frequently designed for a larger
static~pressure ratlo across the rotar than total-pressure ratio across
the stege. For the impulse-type rotor, the design static-pressure ratio
across the stators was very nearly equal to the stage total-pressure
ratio. ’

The poor performence of the supersonic-compressor types previously
discussed can be attributed lsrgely to flow. separation which, in turn,
results from gttempte to obtain too high a static~pressure rise across
the blade row. Improvement in perfarmance of supersonic compressors can
be enticipsted i1f the static-pressure rise across the blade row 1s lim-
ited to values less then those associmted with shock boundary-layer in-
teractions that lead to flow separation (refs. 16 and 17). In addition,
the highest pressure rgtios consistent with good efficlency will be ob-
tained when the maximum static~pressure rise without separation is ob-
tained acrcss both the rotor- and stator-blade rows. Thils report preseunts
(1) the general considerations lesding to the selection of a rotor design
polnt besed on a distributed static-pressure rise across both the rotor
and the stator, (2) the design of the rotor, and (3) the over=-all and
blade-element performance of the rotor alone.
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SYMBOLS
The followlng symbols are used in this report:
a,b constants used in describing blade mean line

D diffusion factor

AH work input

h ratio of stream-filament thickness to stream-filsment thickness
at inlet to compressor

i incidence angle, deg

M gbsolute Mach nunber, ratioc of gbsolute gas velocity to local
velocity of sound

M! relative Mach nunber, ratio of gaes veloclty relative to rotor

to locgl velocity of sound

Mp tlp speed, made dimensionless by inlet stagnation veloelty of

sound
n number of bledes
P total pressure, made dimensionless by upstream stagnation pressure
P relative total pressure, made dimenslionless by upstream stagnation
pressure

stetle pressure, mede dimensionless by upstream stagnation pressure

Q velocity ratio, made dimensionless by upstream stagnation veloecity
of sound

R radius ratio, radius r made dimensionless by tip radius

r radius, 1n. or f%

os differential in distance along streamline, made dimensionless
by tip radius

t blade thickness, made dimensionless by tip radius
U rotational speed, ft/sec

v sbsolute velocity, ft/sec

& velocity relative to blade row, ft/sec
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W weight flow, Ib/sec :
X exial distance, In. IR ' - -y
z axiel dimension, made dimensionless by tip radius -
B gbsolute alr-flow angle measured from axis of rotation
B! relative alr-flow angle measured from axis of rotation
T ratio of speclfic heatls -
[s9]
o) ratio of inlet total pressure to NACA standard sea-level pressure ﬁ
8°  devistion angle, deg -
n adigbatic efficiency
e retio of inlet total tempersture to NACA standard sea-level *
temperature -
e° ailr turning angle, change in relative flow angle from Inlet
to outlet of blade row -
30  differential in tangentiasl direction (positive in direction of
rotation)
fo! density made dimensionless by upstream stagnation density
(o blade sollidity
o angle between streamline end axis of rotation measured in
Rz plane . o e Lol . o N Ll
Ppg =Py Pz -DPp
¥ dimensionless statlc-pressure recovery, or
Pl - D P, -p
1 1 2 2
@ relative total-pressure loss coefficient (ref. 18)
Subscripts:
h hub
m mean condition on mean streamline
jol pressure surface of blade -
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R rotor

r radliel component

S stator
=] suctlion surface
+ tip

Z exial componént

tengential component

station in inlet plenmum tank
station st rotor inlet

station 1 in. downstresm of rotor

“o M B O O

station 9.7 in. downstream of rotor

COMFRESSOR DESIGN

Genersl conslderations. ~ The range of pressure ratios theoreticelly
available &t & rotor speed of 1400 feet per second with no guide-vane
turning aend sn axial inlet Mach mumber of 0.7 is shown in figure 1(a).
The lisentropic tobtal-pressure ratlio is plotted agalnst the rotor turning
engle for variocus velues of rotor-outlet relgtive Mach mmber, Values
are shown for the dimensionless static-pressure recovery ¥, defired as
the ratio of the static-pressure rise to the difference between the inlet
relgbtlive total pressure and the inlet static pressure. Contours of con-
stant static-pressure recovery in the stators resulting when the stators
diffuse to the rotor-inlet agbsolute Mach number asre also shown.

Shock~in-rotor supersonic-compressor deslgns have generally been
chgracterized by a diffusion to subsonlic relstive outlet Mach nmumbers of
gbout 0,7 with only moderste rotor turning. This design 18 seen from
figure 1(a) to result in large amounts of diffusion (\{rR~O.6). If the sta-

tors are designed for sn outlet Mach mumber equal to the sbsolute rotor-
inlet Mach number, then, from figure 1(a), ¥g 1s very small and cen even

be negetive. The lmpulse rotors have been characterized by a large smount
of turning in the rotor with very little rotor diffusion. A large amount
of diffusion is then required in the stators.
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From the standpoint of & complete stage, a more reasonable design
would be to distribute the static-pressure rise across both the rotor and
the stator. In general, the Mach numbers relstive to the rotor- and
stator-blade rows cen be considergbly different. Under these circum-
stances g reasonsble method of distribution would be on the basis of ¥,
the recovery of the relative inlet dynamic pressure.

The theoretical total-pressure ratios avallable with rotor speeds
from 800 to 1600 feet per second for the chese of equal static-pressure
recovery across rotor snd stator are shown in figure 1(b) plotted against
rotor turning angle. These curves are based on equal Mach numbers at the
inlet and outlet of the stage. Contours of constant pressure recaovery
and stator-inlet angle are slso shown. The pressure ratio thst can be
obtained efficiently at any given rotor speed will then depend upon the
maximm static-pressure recovery that can be obtained without flow
separation. - C- . .

Low-speed cagscade dgta indicate that an incresse in losses occurs
with pressure recoverles gbove sbout 0.4 to 0.6 (fig. 3(e), ref. 18) with
considergble veriations at different staggers and solidities. A more

as (ref. 18)

Vi AV
Dnl-—{+-é-o_—v-{

Cascade data indicated that a sharp rise 1n losses occurred for diffusion

3381

factors sbove sbout 0.6. In addition, rotor loss data, when compered with

D for the rotor tip, indicated that a significant rise in tip losses oc-
curred at sbout 75 percent of the two-dimensional cascade limiting value.
A corresponding reduction in slloweble tip loading can be expected by
using a pressure recovery as a loading parameter. A direct relation does
not exist between ¥ and D for the genersl case since a blade-loading
term and solidity are involved in D and not in V. However6 for the
conditions of constant axlial veloclty, inlet flow angle of 60 and. solld-
ity of 1.0 (which is representative of tip condition), a reduction in D
from C.8 to 0.45 has & corresponding reduction in V¥ from 0.6 to 0.48.
Thus, & design utilizing a pressure recovery of about 0.3 to 0.4 can be
expected to glve reasoneble performance. In view of the better correla-
tion of losses with diffusion factor, the design should be reevaluated
using the diffusion factor for both the rotor and the stator, once the
solidity and exial-velocity ratios have been selected.

For the rotor used in thise investigation, s pressure recovery of 0.33
was selected, equal in both rotor and stator, with the stator-outlet Mach
mumber equal to the rotor-inlet Mach number. For the design tlp speed of
1400 feet per second, this resulted in a rotor work input corresponding
to an isentroplc total-pressure ratioc of 2.3 (fig. 1(b)).
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Rotor-blade shape. - The selection of the rotor tip speed of 1400
feet per second, the axial inlet Mach number of 0.7, and the static-
pressure recovery of 0.33 in both rotor and stator tip resulted in the
following rotor relstive inlet and outlet conditions st the tip:

Inlet | Outlet

Mach number 1.487 1.04
Flow angle, 61.93 | 44.02
deg

This combingtion of Mach number snd angle change requires an gpprecisble
contraction of the flow enpulus in order to satisfy continuity. If a 10-
percent sllowance @i the outlet is made for the blade wake and boundary
layer, then the outlet passage height along the tip streamline must be
reduced to 61 percent of the height at the inlet.

The requlrement of an gppreclgble contraction of the anrmilar passage
height, in addition to the mixed subsonic end supersonic flow fleld that
will exlst, mekes an accuraete computation of a blade shape from a pre-
scribed loading distributlon or a desired flow pattern impractical if not
impossible at present. Consequently, an spproximabte deslgn system based
on the channel-flow approsch (ref. 19) was applied. The procedure fol-
lowed very closely that described in reference 11.

The method of solution utilizes two equations: (1) the continuity
equetion in the form

RlplQl cos Bl Rmemh cos B! ( nt)

2 2o, 2 2 =
AL + cos?8! tan®p, Y1 + cosZp! tane

and (2) an equation developed from the condition of zero sbsolute circu-
letion (ref. 20)

n(Qg - Qp) - cos B! a < Qp sin Bf + R(l nt)
21 T 2mR
'\/l + coszB'tanch‘ dz ‘\/l + coszﬁ'tanzq;
(2)
The mesn velocity 1s assumed equal to the arithmetic average of the blade

surface velocitles, and the flow angles at asny exlel position are assumed
equel to the mean flow angle.

These two equations involve five verisbles: (1) the mean-velocity
distribution, (2) the mean flow engle, (3) the blade thickness distribu-
tion, (4) the snnular contraction of the stream tube height, and (5) the
blede surface-velocity distribution. For the rotor reported herein, the
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mean-velocity distribution was prescribed. The meen flow angles and the
blade thickness distribution were prescribed initislly and modified as
necessary to obhtain an acceptable anmnular contraction of an incrementel
stream tube and the blade surface-velocity distribution. In order to
match the prescribed inlet and outlet relstive Mach numbers, the mean-
veloclty distribution requires a reduction in Mach mumber from 1.487 at
the entrance to very close to 1.0 at the exit. The attainment of thils
deceleration in actusl flow without shocks In a uniformly convergent pes=-
sage 1is impoesible in a two-dimensional open-throgt-type diffuser (ref.
21) because of stability requirements. However, the use of a spiked-
dlffuser principle, whereby the flow is decelerated shead of the closed
or covered portion of the rotor-blade passage, should be gpplicable (ref.
8). Consequently, a mean~velocity distribution simulating that occurring
in & cascade utilizing the splked-diffuser principle was prescribed as
one of the conditions. The resulting distribution required a repid de-
celeration starting at the blade leading edge, as shown in figure 2(a),
where the mean velocity at the rotor tip, shown as a ratio of the rela-
tive velocity to the upstream gbsolute stagnation sonic velocity, ie
plotted agalnst the axlsl distance through the rotor.

A linear varigtion of tangent PB' between the inlet flow angle and
the desired outlet flow angle was speclfled as

1
te“; =%Z-€=a+bz (3)

The constents & and b were determined to satlsfy the prescribed inlet
and outlet sngles. The resultant flow path at any redial sectlon is then
parebolic.

The blade thickness and streamline contraction through the chennel
were obtained from the contimulty equation, and they had the final dis-
tributions shown in figures 2(b) and (c). The blade surface velocities
mey be estimsted by using equstion (2). The blade-loading distribution
for 19 rotor bladee is shown in figure 3.

The flow mean line for all streamllnes other than gt the tip were ob~
tained by recomputing the constents a and b of equation (l) ‘o match
the inlet and outlet angles. The outlet angle was obtained from the re-
quirement of equel work input slong the radius. The thickness distribu-
tion shown in figure 2(b) was used for all sections.

In order to obtain the rotor-blade shape from the prescribedlghick-
ness distribution snd the flow mean line, an incldence angle of 25 was

assumed (based on the results of ref. 22). The blade mean line was faired
forward from z = 0.15 (the approximate locstion of ghe entrance to the

closed or covered pert of the passage) to a value 2% less than the desired
inlet flow angle at the leading edge. The boundary-layer allowance wes

3381
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made entirely on the suction face of the blade, with the growth arbltrar-
ily essumed to vary parsebolicly slong the blade surface. The blade shape,

shown in figure 4, had a weximum thickness spproximately 4{'2_‘ percent of
the chord with the position of maximum thickness gbout 50 percent of the
chord from the leading edge.

Fub contour. - The hub contour was obtained by computing successive
stream filsments from the tip toward the hub. The conditions of radial
equilibrium in the form

1 3p (MgR + Qg)° Q.
1"_;)'3%= R -9 o8 (4)

and contimuity in the meridional plane based on the mean flow conditions
were sgtisfled in the same mammer as described in reference 11. The hub
contour resulting from these calculations is shown in figure 4(b). The
blade coordinates and hub contour defined in figure 4(a) are shown in
table T.

APPARATUS AND INSTRUMENTATION

Compressor rotor. - The compressor rotor (fig. 5) was machined from
a 801id 14S~T aluminum forging. The rotor had & constant tip diameter of
16 inches, 19 blades, and an axial depth of Z2.48 inches. The entrance
bub redius ratic was 0.73 the tip solddity was 1.3. The compressor did
not have inlet guide vanes or exit stators.

Compressor test rig. - The compressor test rig (fig. 6) consisted of
an inlet tank (7.5 £t in dism. snd 15 £t long), the compressor test sec-
tion, the outlet-air collector, and the inlet and exhsust ducting.

The rig could be supplied with either refrigersted air or room air
which was exhausted to either the altitude or atmospheric exhaust system.

The compressor wss driven by a 68000-horsepower veriable-frequency
electric motor through a speed~-increaser gear box.

Instrumentation. - Standsrd instrumentaetion was instelled in the in-
let tank to measure the inlet stagnation pressures and temperstures sc-
cording to the method described in reference 23. Burvey data were taken
at eight radial positions at each of two stations downstream of the rotor.
The stations were located gpproximately 1 inch and 9.7 inches downstream
of the intersection of the blade trailing edge and the rotor hub. The
data taken and the instruments used to obtaln the dsta at each station
are: (1) static pressure by a self-balancing L static probe, (2) total
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pressure and flow angle with a combination probe at station 2 and a minla-
ture claw probe at station 3, (3) total tempersture with a selif-balancing
spike~type thermocouple probe, and (4) static pressures by four teps ap-

Fifty-three pressure taps were located in the outer wall to read the
static pressures from 4 inches upstresm to 13 inches downstream of the
rotor leading edge. These taps were 1/4 inch apsrt in the vieinity of
the rotor and instrument messuring stations and l/Z inch apart in the
other sections. Static taps were located at corresponding locations in
the inner wall, except on the rotor hub.

The welght flow was mesasured by three separsate means: (l) An A.5.M.E.
orifice with standard radius teps in the 24-inch-dlameter downstream piping
aystem. The total pressure and temperature were wmeasured et the upstream,
radius tap, station. (2) A total-pressure raeke 1.1 inches upstream of the
rotor end the inner- and outer-wall static pressure. (3) The survey data

gt stations 2 and 3.

Station 1 was located 0.10 inch upstreem of the rotor. In was in-
strumented with four static teps approximately 90° spart circumferential-
ly on both the inner wall and outer wall.

FROCEIURE

The compressor rotor was operated at seven speeds from S50 percent to
100 percent of the léOO—foot-per-second design tip speed. The welght-flow
range was covered from open throttle to audible surge at each speed. The
orifice readings, statlc pressures, and radial surveys at statlons 2 and
3 were taken gt each point. The integrated weight flow at stebtions 2 and
3 was computed gs a check on the orifice reasding as well ss on the survey
instruments. Momentum efficiencies were also computed as a check on the
survey instruments and thermocouple readings. The blade-element dats,
mass~welghted totel-pressure ratio, and mass-welghted adisbatic end mo-
mentum efficlencies were computed as described in reference 22, The per=-
formence of the rotor is presented based on the orifice corrected weight
flows and the thermocouple tempersture reasdings.

The streemlines, for the blade-element calculetions, were assumed to
be gt redil of equivalent percentage passage height at each station, thet
is, assuming & linear varlation in PV

ROTOR PERFORMANCE

Average Rotor Performance

The mess-weighted rotor pressure ratio and efficiency based on the
survey dats taken at statlon 2 are shown in figures 7 and 8, respectively,
plotted sgainst the corrected welight flow based on orifice meassurements.

3381
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The pesk efflciency rotor aperating point occurred at 82 percent speed
(UT = 1148 ft/sec) where a rotor efflciency of 94 percent was observed

at a pressure ratio of 1.65. At the design speed of 1400 feet per second,
the pegk efficiency dropped to 89 percent at a rotor pressure ratio of
2.17. Meximum pressure ratio at design speed wss 2.21.

The characteristles of the welght-flow range of this roftor compare
closely with those of typlecal subsonic and transonic rotors. There were
no apparent discontlnuities in pressure ratio hetween maximum and min-
imim Plow at any speed. The constant weight-flow cheracteristic associ-
ated with design operation of supersonic shock-in-rotor compressors is
not obtained, elther because of the lower inlet relative Mach number or
because the rotor operational characteristice can be expected to be dif-
ferent depending on the type of wave configurations (external or internsal)
that exist. The maximm weight flow at design speed wass below the design
value of 30.5 pounds per second.

Radigl~Flow Variations

Inlet. - Because of the rotor hub curvature and the required hub
feiring sectlon shead of the rotor, a variation iIn inlet velocity at the
rotor inlet can be expected. The flow varistion obitalned experimentally
is shown in figure 9 compered with the variation assumed in the design.
In order to obtalin the veloecity distribution from well measurements, a
parsbolic varistion in static pressure between the hub and tip was as~
sumed. The magnitude of the veloclty variations at the rotor inlet is
seen to be sufficiently large, due to the large hub curvature, as to
warrant consideration in the design.

The radial variegtions of inlet relative Mach mumber and relstive in-
let air engle are shown in flgures 10 and 11, respectively, for design
speed end pressure rgbtios of 2.2 and 2.0 Cpoints A and C, respectively,
of figs. 7 end 8). The design inlet flow angle end the blade meen-
line angle are also shown in figure 11l. While the variations generally
follow the trend used in the design, the magnitudes of both Mach number
and relative engle are epprecigbly different from the design values. The
3° higher incidence angle causes & large reduction in the welght flow
from the design value., The change in incidence angle over the weight-
flow range 1s alsc seen to be less than 1°.

Exit. ~ The radial variations in outlet flow condlitions were obtained
from surveys teken at station 2. The radial variations of totel-pressure
ratio, adigbatic efficiency, sbsolute outlet Mach number, and gbsolute
outlet angle for speeds of 90 percent, 95 percent, and 100 percent of de-
sign are shown in figure 12. Except for the end regions the pressure
ratlio 1s- seen to be nearly constant across the radiue for all speeds with
a sllightly increasing pressure toward the %ip at the meximum-pressure~
ratio condition. The efficlency falls off near both ends, with a gradual
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reductlion along the outer radii starting nesr the midpassage. The design
condition of constent work input is thus not obtalned, with lerger-than-
deslgn work Input occurring nesr the tip and less then deslgn near mid-
passage. The efficiency drop off nesr the inner and outer walls with as-
sociated reductions in axisl velocity results in a gradusl rise in outlet
air angle toward both rotor hub and tip. For meximum back pressure (point
A) at 90 and 95 percent design speed, the effect is most pronounced st the
tip and is felt well into the midpsssage. At design speed, a marked rise
in sngle occurs over the outer helf of the passage for all pressure
ratios. }

The Mach numbers entering the stators are slightly higher than con-
ventional for deslign speed. For 95 percent design speed, the average
free-stream Mach number for point B (Pz/Pl = 2.03) 1s 0.78 and the abso-

lute outlet angle is 40°, If the flow is returned to axial and diffused
to the seme Mach number as entered the rotor, then the average stator 4if-
fuslion factor for a tip solidity of 2.0 is 0.45. The losses that might
be encountered with stators may be estimsted by using the results of ref-
erence 24, where a diffuslon factor of ebout Q.45 and an average turning
angle of 47° was obtained. At this point, however, the statore of refer-
ence 24 gppeared to be operating well off the optimum incidence angle for
minimim losses. Even if the losses associated with this higher-turning,
off-optimim~incidence-angle operation of reference 24 are sssumed, the
stage pressure ratio of 1.942 at an over-all efficiency of 84 percent
would be obtained.

BLATE~ELEMENT PERFORMANCE

The rotor performance is analysed by assuming & blade-element flow
as used in reference 22. The blade-element parsmeters considered were
total-pressure loss coefficient, reletive Mach number, diffusiocn factor,
deviation engle, axlal-velocity ratlo, end sdisbetic efficiency. These
parameters are given as a function of the blade-element incidence angle.

The blade~element psrameters are reported at three redisl positions,
tip, pitch, and hub. The tip and hub sections are taken to he 0.570 inch
from the wall st the rotor inlet and 0.340 inch from the wall at the rotor
outlet. These sections do not fall within the wall boundary leyer as evi-
denced by the small radial variations in outlet Mach number (fig. 12).

Performence as Function of Incidence Angle

Determination of incidence angle. -~ The radisl static-pressure gra~
dient immediately shead of the rotor was obtained by assuming a parsbollc
distribution between the observed inrer- and outer-wall static pressures.
The small radial velocity component was neglected. Survey data at the

—r

3381 |
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inlet to other rotors tested in the same facllity indicated negligible
inlet whirl. The inlet eir angle was computed by using the axial veloc~
ity end the wheel speed. The incldence engle was then cobtalned from the
inlet air angle and the measured blade angle.

Blade~element performance parsmeters. - The relative total-pressure
losse across the rotor was expressed as a ratio of the inlet relative dy-

nemic head P} - p;. This ratio @ is computed from equation (B9) of

reference 18 with the idesl relgtive total-pressure ratio of this equa-
tion corrected by using the inlet relstive stagnetion veloclty of sound.

The inlet relative Mach number was computed from the axial velocity,
the wheel speed, and the velocity of sound determined from the inlet tank
total temperature and gbsolute inlet Mach nurber. The axlal-velocity
ratio VZ,B/Vz,l is the ratio of the axial veloclty observed at station

2 to the inlet axisl wvelocity. The adisbatic efficliency 1 1s based on
the measured temperature and pressure rise. The deviation angle 8° 1is
based on ‘the messured blade angle, and the computed exit alr angle is
based on absolute flow measurements.

The diffusion factor D was computed on the sssumed stresmline by
the method ubtilized in equation (13) of reference 18. The assumptlons
leading to the veloecity distribubtion used in deriving the diffusion factor
may not be strictly spplicable in this case becsuse of pressure disconti-
nuities casused by shocks. However, this parameter is useful in comparing
the over-all loading of this rotor with thet of other rotors; end in the
gbsence of & better criterlon, it might still be of use in correlating
blade losses. .

The computations are based on the data obtained at station 2. The
over-all results at station 2 and statlion 3 generally agreed within 2
percent, 3 percent being the meximum variation in the resulits between
these stations.

Tip performance. = The inlet relabtive Mach mumber at the tip section
varies from gpproximately 0.9 to 1.35 for the speed range of 70 percent
to 100 percent as shown in figure 13. .

The optimum (minimum-loss) incidence angle 1s nearly constant with
speed at a velue slightly less than 5°. The total-pressure losses tend
to increase and the range of incidence angle for low losses decreases
sharply as the speed is increased (fig. 13).

The deviation angle (fig. 13) at 70 percent design speed, where
the inlet reletive Mach number was less than 1, varied ebout 2°. The
devigtion angle for the speeds where the Inlet relsgtive Mach number was
greater then 1 was nearly constant except for design speed.
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The diffusion factors at incidence angles near optimum or minimum-
loss points were 1n the moderate range of values. The diffusion factor
increased rapidly with only slight increases in incidence angle at 90
and 100 percent design speed (fig. 13). The adisbatic efficiency fol-
lowed a trend that was the reverse of the relatlve total-pressure loss.
Maximum values of tip-section element efficiencies of 590 percent ar bet-
ter were observed for all speeds. The axial-velocity ratio (fig. 13)
had g minimum value of 1.4 at 70 percent design speed. This high value
resulted from the large amount of annular contraction through the rotor
and the relastively low pressure ratio at 70 percent design speed. As
the speed and pressure ratio increased, the minlmum value of the axilal-
velocity ratio decreased to a value slightly under 1.0 at deslgn speed.
Maximum tip element efficlency at deslgn speed occurred at an axial-
veloclty ratlo of about 1.2.

3381

Pitch performence. - The inlet relative Mach number at the pitch
section ranged from 0.8 to 1.25. The loss was practically independent of
Mach number (fig. 14) and had a rather low value even for the high in- o
let relgtive Mach mumbers. The optimum incidence sngle for design speed -
- gppeared slightly higher than the part-speed optimum incidence angles.
The trend, however, is not as marked as other Investigations have indi- 4
cated (e.g., ref. 24).

There was little significant trend of deviation angle (fig. 14)
other than an increase of slightly over 1° at design speed over the val-
ues cbserved at part speeds.

The diffusion-factor (fig. 14) trend at the piltch section was
gimilar to that st the tip section but at lower velues, The efficiency
was very high end, in general, remained high over the range of incidence
angles encountered (fig. 14).

The axisl-veloclity-rabtlo trend (fig. 14) was also similar to that
at the tip sectlion. However, at this section, minimum values of axial-
velocity ratio occurred nesr pesk efficiency for all speeds. At design-
speed pegk-efficiency opersting point, the axlal-veloclty ratlo was gbout
1.1, :

Hub-section performence. - The inlet relative Mach number range (fig.
15) was from 0.75 to 1.15. The minimum relative total-pressure loss was
independent of Mach number. The Incidence-angle range agsin decreased
sharply with increassed speed. The incidence sngle for minimum loss was
not sherply deflned except at design speed where the loss factor increased
rgplidly on either side of the minimim~loss incidence angle. '

The deviation angle (fig. 15) agein Increased slightly with in-
creased speeds. At all speeds, near the low-incidence or choked-~flow re-
gion of operation, the deviation angles incressed as back pressure was

-
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reduced. This trend is opposite to that observed for the pitch and tip.
A possible explanstion i1s thet the hub section chokes and then expsnds
supercritically with g subsequent normal shock. Becsuse of the radisl
pressure gradient behind the rotor, this tendency for a supersonic expan-—
sion followed by a normal shock is greatest st the rotor hub.

The diffusion-factor (fig. 15) trend st the hub again reflected the
sensitive relation between lncidence engle and loading at the high speeds.
Hub=-sectlon loading was low for all conditions.

The adisbatic efficiency (fig. 15) decreased very rapidly as chok-
ing incidence angles were approached for all but the 70 percent speed.
The efficiency pesked at very hlgh values and remsined high over most of
the range of incidence angles encountered.

The axial-veloclty retio had the same very sharp decrease at the
low~incidence-angle renge. The pesk efficiency st design speed, as for
the other sections, occurred at an axisl-veloeclty ratio of sbout 1.2
(fig. 15).

COMPARTSON WITH DESIGN
o
The design Incidence angle was approximstely 2% vhile the observed

incidence angle at design speed varied from 5° to 6° epproximstely. An
englysls of the blade-passage ares indicated that wminimm passege ares

would occur gt the exit. Computabtions of choking lncidence angle were

made gt 82 percent design speed with zero and 8-percent boundary-lsyer

allowance.

The choking incldence angles for 82 percent design speed were 2.1°
and 4.9° for zero and 8-percent boundary-layer sllowance, respectively.
The average inlet relstlve Mach mumber was gbout 1 so thet minimim inci-
dence angles would be determined by the choking phenomena. The observed
incidence angle of spproximstely 4° indicates a boundary layer of 6 to 7
percent for the choked-flow condition gt 82 percent design speed.

At design speed, the choking incidence engle for an 8-percent bound-
ary leyer was 2.4° compared with an everage observed sngle of 5.1°, For
the minimim incidence angle to be determined by choking at the exit, an
additional 8 percent for a total boundary-layer blockage of 16 percent
would be required. While an inerease in boundary-layer thickness at de-
sign speed is indicated by the higher deviation angles, the change in
deviation angle i1s not suffiecient to account for the requlred boundery-
layer increase. In additlon, the change in rotor efflciency does not
seem to reflect such s marked change in flow through the rotor.
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Because of the supersonic relatlive veloclties existing across the
entire blade passsge, the possibility exists that the minimum inlet flow
angle is determined by & wave patitern as described in reference 1. The
computation of this wave pattern is considersbly complicated by the three-
dimensional ngture of the flow, and no attempt was made to determine the
wave pattern that might exist shead of the rotor.

The deviatlon angle st design speed variled from 4° to 6° as compared
with the design deviation angle of sbout 3°.

The radial veriation of work input at design speed 1s shown Iin fig-
ure 16. The lower pressure-ratic points have nearly & constent work in-
put over the midportion of the passsge. The higher pressure-ratio point
shows a marked gradient 1n work input es compared wilth the constant-work-
input design.

The variation of stetic pressure along the outer casing in the vi-
cinity of the rotor is shown in flgure 17. TFor compargtive purposes, the
static pressure that would exist for the design mean-veloclty distribution
with isentropic flow is also shown. The deceleration near the leadling
edge is obtalned for point B. However, for this point the outlet static
pressure 1ls appreciebly higher than design, indicating diffusion to lower-
than=-design Mach numbers relztlive Lo the blade. This added diffusion was
sufficient to overcome the effect of the slightly higher-than-design de-
vigtion engle and resulted in a higher-~than-design work input. At polint
C, where nearly design work input wae obtained (fig. 16), the start of
the deceleration was delayed untll well behind the leading edge. While
a static~pressure distribution analogous to a spiked diffuser was not
obtalined at point C, there apparently was sufficlient three-dimensional

relief to permit & uniform deceleration from the inlet Mach number of 1.35

to slightly below 1.0 without serious shocks or instability.

The static-pressure recovery 1V for point C based on observed pres-~
sures Just shead of the rotor and at the rotor tralling edge is 0.34 com~
pared with the design velue of 0.3Ll. For point B, the static-pressure
recovery had increased to 0.41l. The increase in static pressure immedi-
ately behind the rotor is probebly assoclated with & reduction in the wake
displacement thickness behlind the blaede. Since the relative outlet Mach
numbers are close to 1.0, small changes in the displacement thickness will
have an sppreclgble Influence on the Mach number and ststic-pressure dis-

tributions behind the rotor.

CONCLUDING BISCUSSION

The performance obtalned from a rotor designed for a 1400-foot-per-

second tip speed has indicated that blade-element efficiencies above 80

percent can be obtained at relative Mach numbers up tQ l.23 and that rotor

*
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efficiencies approaching 90 percent can be obtained at relative Mach num-
bers of 1.35. The loss coefficients for the tip section sppesr to corre-
late with the diffusion factor, as shown in figure ls(a). The band of
data obtained from a lerge number of conventional rotors and stators shown
in reference 18 is also outlined on the figure. The tip-section perform-
ance is seen to compare favorsgbly with subsonic and transonic results for
speeds up to aend including 90 percent (i.e., Mach numbere to 1.23). At
design speed G@i =.l.35) the losses are near the upper limit of the band.

The loss levels shown in figures 18(b) and (c) for the pitch and hub sec-
tions, respectively, indicate no sppreciable deviation from simllar plots
for subsonic and transonic rotors.

While the derivetion of the dlffusion factor D was based on incom-
pressible flow, the primery feactors influencing performence, that is,
over-gll diffusion and blade circulation, would rot be expected to cheange
for high Mach number spplications. The assumed velocity distribution used
in the derivation entered only in a very general menner and would have
only small influence on the genersl form of the diffusion-factor relation.
However, the empirical constants used in obtaining the correlation with
experimental performance will depend on velocity distribution. Thus, the
applicability of the correlation of D should be expected only in cases
having similar veloclty profiles on the hlade suction surface. This simi-
larity existed for the theoretical velocity profiles for this rotor, sl-~
though the actual distribution was probably sltered somewhat by differ-
ences between the assumed and resl flow. On the basis of the comparisons
in figure 18, the diffusion factor sappears to be & satisfactory loading
criterion even for very high Mach number blading when the velocity distri-
bution approximates that of conventional airfoils in cascade.

The axial-velocity ratios for this rotor were 1l.15 or greaster at the
maximum efficiency points. This increase in axial velocity resulis when
the static-pressure diffusion (based on relative velocity head) is dis-
tributed equally across the rotor and the stator. Reducing the axlial ve-
locity et the rotor discharge would unbalance the diffusion over the two
blade rows, thereby loading up the rotor (i.e., increasing D for the
rotor). On the basis of the correlations with D shown in figure 18, =
design for a reduced ocutlet axial velocity and the same pressure rstio
might well overload the blades to the point of sacrificing efficilency.
However, no conclusive date on this point are availeble for the high level
of Mach nurnbers encountered in this rotor.

The performence of the rotor reported herein compares favorably with
that of the tramsonlc type such as reported in references 22, 24, and 25,
This performance was obtsined with supersonic veloclities relative to the
rotor across the entire blade span for rotor speeds of 90 percent and
gbove. On the basis of the results of the 1400-foot-per-second rotor,
the observation might be mede that a subsonic relative Mach number region
along the blade span to afford s three~dimensionsl relief for the sonic
and supersonic flow 18 not required for good efficiencies.
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SUMMARY OF RESULTS

Analysis of various deslgn conditions for supersonic compressors
indiceted possible improvement over previous supersonlic compressors if
the static-pressure diffusion (expressed as g recovery of the inlet &y~
namic head) across the stege is proportioned between the rotor and the
stator. A supersonlc compressor was designed for a tip speed of 1400
feet per second, a pressure ratio of 2.0, end a corrected weight flow of
%0.5 pounds per second. The rotor was designed for equal distribution
of statlc-pressure diffusion scross the rotor and the stator. Rotor-
blade profiles and hub contour were obtained from a channel-flow deslgn

approach. Meximim blsde thickness was 4% percent chord.

Over-all performance results of the rotor alone gt deslign speed gave
a8 pressure ratio of 2,17, an edisbatic efficlency of 89 percent, and a
weight flow of 28 pounds per second., Maximm efficiency of 94 percent
was observed et 82 percent design speed wlth a pressure ratioc of 1.65.
Performsnce characteristics were similsr to those of conventlonal sub-
sonic snd transonic rotors with a range in weight flow at good efficiency
for all speeds.

Anglysis of the blasde~element flow through the rotor indicated an
angle of incidence &t begt efficiency of 59 to 6° insteed of the design

1
angle of incidence of 25 . The deviation angle increased slightly at the

higher Mach mumbers to a value of 4° to 6° ss compered with the design
devietion of gbout 3°,

Inlet relative Mach numbers were supersonic across the entire blade
span for speeds of 90 percent design and sbove. Blade-element losses
showed no gpprecisble effect of Mach number for rotor speeds below S0
percent design. At 90 percent design speed and sbove, en increase in
losses at the tip was observed. However, a comparison of blade-element
losses hased on the rotor diffusion factor showed losses for the higher
Mach mumbere, that is, up to 1.35, comparsble with subsonic and transonle

losses at equivalent values of the blade-loading parameters.

The Mach numbers entering the stators sre slightly higher than con-
ventional for design speed. For 95 percent design speed and a total-
pressure ratioc of 2.03, the average free~stream Mach number is 0.78 and
the absolute air angle entering the stators is 40°.

Lewls Flight Propulsion Leborstory
National Advisory Commlttee for Aeronautics
Cleveland, Ohio, Jamuary 27, 1955
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TABLE I, - BLATE AND HUB COORDINATES®

X SECTION Th
B-B C-C DD E-E F-F
'IU IL YU YL YU YL YU 'IL YU II.

0 -1.206 | ~1.206 | =1.229 | «1.229 |=-1,284 |=-]1.284 | ~1.367 | ~1.367 | ~Ll.434 |=1.434 | 5,600
.20 -0,840 | ~0.950 | =0.872 | -0.988 |=0,9568 |=-l.050 | -1.060C | =1,148 | -1,133 |=1.220 [5.651
40 | =0,486 | =0.667 | =0.544 | =0,TL7 |~0.630 |=~0.788 | ~0,750 | =-0.905 | -0.837 |[=~0.98L {5.710
.60 | -0,146 | ~0.378 | =0.224 | ~0.445 | ~0.317 |=0.527 | =0.454 | =0,656 | -0,551 | ~0.746 | 5.783
.80 0.157 | ~0.092 0.070 | =0.178 | =0.026 |=0,273 | ~0.177 | ~Q.407 | =0,283 | ~0.513 |5.871

1.00 0.430 | 0.189 | 0.339 | 0.085 | 0.230 [~0.024 | 0,080 | =0.169 | =0,037 | =~0.290 [ 5.965
1.20 0.668 | 0.466 ; 0.576 | 0.342 | 0,458 | 0.216 | 0.313] 0.067 | 0.185 |~0.070 |8.066
1.40 0.881 : 0.722 | 0.784 | 0.584 | 0.657 | Q.445 | 0.507 | 0.284 | 0.365 | 0.132 |6.172
1.60 1.084 ;| 0.957 | 0.967 | 0.804 | 0.836 | 0,656 | 0.675 | 0.480 | 0.523 | 0.319 |8.274
1.80 1.269 | 1.180} 1,130 1.005 | 0.996 | C.851 | 0.823 | 0.653 | 0.663 | 0.491 |6.370
1,996 | 1.400 ) 1,400 | ===== | cures | comee | ddeae | o | mmee | e [ ee- -
2.00 e ———— 1.279 1.188 1.138 1.025 0.951L | 0.818 C.783 0.641 |6.458
2,20 e | mmew= | 1,417 1,362 | l.2b7 | 1,180 1.060 ] 0.960 | 0.854 | 0.757 |6.528
A.258 1.423 | 1.423 .

2.40 1.370 | 1,320 | 1,149 | 1.078 | 0.963 | 0,870 | B8.567
2.433 - 1.335 | 1.355

2-48 - - 5-570
2.60 | 1.225 | L.175 | 1.020 | 0.951 |B.570
2.658 1.214 | 1.214 6.570
2.806 1.035 1,035 |6.570
5.188 - m———— e | wmee= 16,570

8Dimensione are In inches; sections and their notation are defined in fig. 5(a).
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